Chylomicrons containing labeled cholesterol, mainly (70%) present as cholesteryl ester, were injected intravenously into intact rats, and samples of liver were obtained 27-210 min later . Most (58-75%) of the injected label was recovered in the liver after 27-75 min . Hepatic uptake occurred without hydrolysis of the labeled cholesteryl ester . In separate experiments, in vitro perfusion of livers of similarly treated rats for 30-35 min washed out only 3-97o of the labeled sterol . Samples of liver and small intestine were prepared for electron microscopy with Aquon as the dehydrating agent . Good retention (70 % or more) of labeled cholesterol and satisfactory preservation of ultrastructure were obtained . After 30 min, the radioautographic reaction was localized mainly over the region of the cell boundary of the parenchymal liver cells, with fewer grains being present over intracellular organelles . At later time intervals, when considerable hydrolysis of the labeled cholesteryl ester had occurred, the radioautographic reaction was more evenly distributed . Phagocytosed labeled lipid was seen in Kupffer cells after the larger lipid load ; phagocytosis by parenchymal cells was not seen . In other experiments, cholesteryl ester hydrolase activity was found in all subcellular fractions, the microsome and plasma membrane fractions showing the highest activity per mg protein . The mechanism of cholesteryl ester transport into the liver cell may involve : (1) hydrolysis at the cell surface ; or (2) slow entry of intact molecules followed by intracellular hydrolysis of the ester bond .
INTRODUCTION
It is now well established that the liver is the major organ involved in the initial metabolism of chylomicron cholesterol . Previous studies with rats and with dogs demonstrated that most of the labeled cholesterol is removed from the circulation by the liver after the intravenous 4 10 injection of chylomicrons containing labeled cholesterol (mainly present as cholesteryl ester) (1) (2) (3) (4) . Studies with chylomicrons containing doubly-labeled cholesteryl esters established that hepatic uptake takes place without hydrolysis of the chylomicron cholesteryl esters (4) . In the liver, the newly absorbed cholesteryl esters undergo a slow hydrolysis . In addition, during and after hydrolysis there occurs a slow progressive loss of labeled cholesterol from the liver, and an accumulation of labeled sterol in peripheral tissues (4) .
The experiments reported here were designed to provide information about the anatomic localization at the ultrastructural level of newly absorbed chylomicron cholesterol within rat liver . An electron microscopic-radioautographic study was conducted which examined the ultrastructural distribution of labeled cholesterol at several time intervals after the intravenous injection of chylomicrons containing labeled cholesterol (mainly present as labeled cholesteryl ester) into intact rats . The time intervals were selected so as to provide information representing times before, during, and after cholesteryl ester hydrolysis had occurred . In addition, related biochemical studies were conducted to examine whether newly absorbed intact cholesteryl esters could be washed out of the liver during in vitro perfusion, and whether hepatic cell plasma membranes contained the enzymatic capacity to catalyze the hydrolysis of cholesteryl esters .
EXPERIMENTAL PROCEDURE Liver Perfusion Study
Chylomicrons were obtained by feeding cholesterol-7-a3H in oil (olive oil : corn oil = 3 :1) to a rat with a cannula implanted in the thoracic duct . The chylomicrons were isolated and washed by flotation as described elsewhere (5) . The chylomicron suspension contained 22 mg of total lipid and approximately 840,000 dpm of 3H per ml ; 50% of the 3 H was present as cholesteryl ester and 50% as free cholesterol .
Male Sprague-Dawley rats weighing approximately 150 g each were fasted overnight, and then each given 0.9-1 .0 ml of the labeled chylomicron suspension as an intravenous injection into the tail vein . At given time intervals (see Table III ), the rats were anesthetized with diethyl ether, the abdomen and chest were opened, and cannulae were inserted into the portal and hepatic veins . Liver perfusion (6) was begun immediately and was continued for 30-35 min. All of the perfusate was collected after a single passage through the liver, i .e . no perfusate was recirculated . The perfusate was KrebsRinger bicarbonate buffer through which 95 0 ] 0 02 -570 CO 2 was bubbled just prior to passage through the liver . In most instances, the perfusion pressure was 10--15 cm of water, and the flow rate was 8-10 ml per minute . The liver and perfusate were maintained at 37°C during the perfusion .
After the perfusion, the entire liver was weighed and then homogenized with 20 volumes of CHC13-CH3OH, 2 :1, so as to obtain a total lipid extract of the organ . Portions of the liver lipid extract were assayed for 3 H ; other portions were chromatographed on columns of alumina, grade II (7), so as to separate ester from free cholesterol, and the separated fractions were then radioassayed . Portions of each perfusate sample (the perfusates were collected in serial 5-min samples) were also extracted, chromatographed, and radioassayed . A total of eight rats were injected with labeled chylomicrons, and their livers were perfused . In addition, five rats were injected with the chylomicrons, and their livers were removed and extracted without perfusion .
Radioautographic Study : Biochemical Aspects Cholesterol-7a-'H (New England Nuclear Corp ., Boston), 25 me (specific radioactivity 25 mc/mmole) was dissolved in 400 mg of a monoolein-oleic acid mixture (2 :3, by weight) . The entire sample was fed by stomach tube to a lymph fistula rat, and was washed in with 0 .75 ml of freshly collected rat bile . Lymph was collected at room temperature for 20 hr . The lymph contained 37 0]0 of the administered 3 H . Chylomicrons were isolated and washed by flotation through isotonic saline at 20°C . The chylomicron suspension was analyzed for its total lipid content by the method of Stern and Shapiro (8) , and was also radioassayed for its content of 3H . The final preparation contained 25 mg of total lipid and 678 X 10 6 dpm of 3 H per ml . Cholesteryl ester comprised 69 .9% of the chylomicron 3H.
27 hr after the cholesterol 3H feeding, the lymph fistula rat was anesthetized with ether and the abdomen was opened . A loop of proximal jejunum was removed, washed with saline, and fixed in 37 0 glutaraldehyde in 0 .1 M phosphate buffer pH 7.4 .
The chylomicron injection study was carried out on the morning immediately following the preparation of the labeled chylomicron suspension. Male Sprague-Dawley rats, weighing 140-150 g each, were fasted overnight and injected with either 1 or 2 ml of the labeled chylomicrons into a tail vein. After a desired time interval had elapsed (see Table IV ), the arts were anesthetized with ether, the aorta was cut and blood was collected, and the liver was partially washed out by perfusion in situ through the portal vein with 15 ml of warm isotonic saline . Pieces of liver were taken for electron microscopy ; other weighed pieces were extracted with CHC13-CH3OH, 2 :1, after homogenization in a Dounce homogenizer. Plasma samples were extracted with 20 volumes of CHC13-CH3OH, 2 :1 . The liver and plasma lipid extracts were assayed for 3H, and were chroma-Fate of Radioactivity in Rat Liver during Specimen  Preparation for Electron Microscopy, after Injection  of Chylomicrons Containing Labeled Cholesterol,  with Use of Epon   TABLE I jected to a schedule of dehydration described previously (11) and shown in Table I . Owing to the rather extensive loss of label in 95% ethanol and in Epon (see Table I ), use was made of an Epon derivative, Aquon, described by Gibbons (12), which was prepared according to Glauert (13) . A schedule was developed with graded concentrations of Aquon beginning with 20% . The final schedule is shown in Table II , and the data presented there were obtained with the samples used for the radioautographic study .
In the liver samples obtained at different times after injection of labeled chylomicrons, and shown in Table II , the per cent of cholesterol 3H present in the liver as cholesteryl ester decreased from 68 (at 27 min) to 19 0/0 (at 210 min) . The retention of label in the tissue was satisfactory when the label was present mostly in either the free form or the ester form . The total recovery of only about 80% is due to inadvertent losses of tissue fragments during processing and to nonextractability of lipid from the fixed and infiltrated tissue .
Radioautographic Study: Preparation of Tissue for Electron Microscopy
Fixation of tissue was carried out either in two changes of acetate-veronal buffer containing 2 0/,q osmium tetroxide for 2 hr, or in paraformaldehydeglutaraldehyde fixative (9) followed by postfixation with osmium tetroxide as above . All tissues were dehydrated in Aquon at 4°C with the following schedule : 15 min in 20%, 10 min in 50%, 30 min in 70%, 80%, and 90% each, and 180 min in 100% . Infiltration was carried out at 4°C overnight in a complete Aquon mixture consisting of Aquon 2 .5 ml, (14) with the L4 Ilford emulsion . Following exposure for 8-12 wk, the grids were stained with lead citrate (15) and examined with a Siemens electron microscope at 60 kv . In addition to preserving the lipid radioactivity in the tissue, this method of tissue preparation also provides satisfactory preservation of ultrastructure and good localization of the label . These characteristics are illustrated in Fig . 1 , which represents a portion of the lymph fistula rat's small intestine obtained 27 hr after feeding cholesterol3H . Fairly numerous grains were found over the microvilli, which have a high cholesterol content (16, 17) . Only occasional grains were seen over the plastic infiltrating the interstitial spaces and the gut lumen .
Preparation of Subcellular Fractions
For each experiment, the livers of four to five rats were pooled and homogenized in 0 .25 M sucrose . The plasma membrane fraction was obtained from the whole homogenate with the use of a combined flotation and sedimentation method described before (18) . The plasma membrane preparation so obtained is only slightly contaminated with mitochondria (4% as sssessed by cytochrome c oxidase content) and is contaminated 10-20% with microsomes (using glucose-6-phosphatase as a microsomal marker) (18) . Mitochondria, microsomes, and supernatant fractions were obtained from a portion of the whole homogenate by differential centrifugation . Mitochondria were first sedimented at 10,000 g av for 15 min, and following resuspension they were sedimented at 6,600 g av for 10 min. Microsomes were sedimented at 100,000 g av for 60 min . The post . microsomal supernatant either was used as a single fraction or was divided into the upper layer containing floating fat and a clear "de-fatted" lower layer .
Cholesteryl Ester Hydrolysis In Vitro
In a preliminary experiment, the hydrolysis of cholesteryl-7a3H oleate (New England Nuclear Corp .) was assessed by the addition of the substrate in solution in 50 µl of acetone, or dispersed in an aqueous solution of Tween 40 (1 mg of Tween added per flask) to 2-ml incubation mixtures containing one or another liver cell fraction . All liver cell fractions actively hydrolyzed the labeled cholesteryl oleate. For all cell fractions, hydrolysis was much greater with the substrate added in acetone than dispersed in Tween . A more quantitative study was then conducted in which 1-ml incubation mixtures containing small amounts of a liver cell fraction in Tris-HCl buffer pH 7 .3 were incubated with substrate at 37°C for 15-60 min . The substrate (2 µg of cholesteryl-3 H oleate) was added in 25 A l of acetone via a Hamilton syringe . At the end of the incubations, the mixtures were extracted with 20 volumes of CHC13-CH3OH, 2 :1, containing 0 .5 mg each of free cholesterol and cholesteryl oleate as carrier . The lipid extract was separated into free and ester cholesterol fractions (7), and each fraction was assayed for 3H so as to determine the per cent of hydrolysis . For the no-enzyme control, 0 .6 0/0 of the 3H was found in the free cholesterol fraction, and this amount was subtracted from the amount found in the other samples .
Incubations were also conducted in a similar manner but with 14C-labeled tripalmitin as substrate, in order to assess lipolytic activity. The extent of hydrolysis of the labeled tripalmitin was determined by separating FFA (free fatty acids) from neutral lipids by solvent partition as described by Borgstrom (19) .
Other Procedures
Radioassay was carried out in a Packard liquid scintillation counter with 0.5% diphenyloxazole in toluene as scintillation solvent . Protein was measured by the biuret method (20) or by the method of Lowry et al . (21) .
RESULTS

Liver Perfusion Study
During the Ist hr after the injection of chylomicrons containing labeled cholesteryl ester, a large proportion of the labeled cholesterol is found in the liver in the form of intact, unhydrolyzed cholesteryl ester (1, 4) . A study was conducted to determine whether this intact labeled cholesteryl ester could be washed out of the liver by perfusing the liver with buffer under relatively physiological conditions . The results of this study are shown in Table III . Only 3-90%0 of the total cholesterol-'H in the liver, and only 3-14 0/0 of the cholesteryl-'H ester in the liver, was washed out during perfusions of 30-35 min duration.
Electron Microscopic-Radioautographic Study
As indicated in Table IV , six rats were injected with either 1 or 2 ml of labeled chylomicrons, FIGURE 1 Segment of proximal jejunum, obtained 27 hr after feeding of cholesterol-3H in oil . The tissues were dehydrated and embedded in Aquon . There is satisfactory preservation of ultrastructure, and the distal ends of microvillar filaments show marked electron opacity . The radioautographic reaction is seen over intracellular organelles and over microvilli . Only occasional grains are found over the plastic . X 8,900 . Scale line (all. figures) = I u.
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THE JOURNAL OP CELL BIOLOGY • VOLUME 43, 1969 and the livers were removed after three time intervals . For the rats injected with the smaller lipid load, 75% of the injected cholesterol-3 H was recovered in the liver after 30 min, with the same ratio of labeled free to esterified cholesterol as was present in the injected chylomicrons . Slow hydrolysis of the labeled cholesteryl ester then occurred within the liver, together with a decrease in the recovery of labeled cholesterol in the liver (presumably by transport of labeled sterol out of the liver to peripheral tissues [1, 4] ) . A similar pattern was seen with the rats injected with the larger load of lipid, except that the uptake of chylomicron cholesterol by the liver occurred more slowly, as did hydrolysis within the liver and removal of cholesterol-3H from the liver .
The results of the radioautographic study are illustrated in Figs . 2 through 12 . As discussed in the Methods section, the method used for tissue In the livers of rats injected with the larger dose of chylomicrons, phagocytosed chylomicrons were seen in Kupffer cells both at 27 and at 67 min after injection (Figs . 7 and 8 ) . This finding was more rarely encountered after injection of the smaller dose . No phagocytosis of chylomicrons by parenchymal cells was seen at any time interval, irrespective of the dose injected .
At the early time interval (27 or 30 min) after injection of the labeled chylomicrons, the radioautographic reaction was concentrated in the region of the sinusoidal cell boundary (Figs . 2-4,  6) . Because of the size and shape of the developed grains, it was not possible to decide whether the grains were associated with the cell membrane proper, with the cytoplasmic matrix of the microvilli, or with material localized between the Liver Metabolism of Chylomicron Cholesteryl Ester 417 FIGURE 4 A portion of another cell at higher magnification ; the silver grains are over the sinusoidal cell boundary, and there are no recognizable chylomicrons . X 27,000 .
microvilli . The radioautographic reaction was hence simply designated as being concentrated in the region of the sinusoidal cell boundary . This localization was found after injection of either the low (Figs . 2 and 6 ) or the high dose (Figs . 3 and 4 ) of chylomicrons . In addition, at this time interval some radioautographic grains were present intracellularly, and were seen over lipid droplets(Figs . 2 and 6), mitochondria, and endoplasmic reticulum (Figs. 3, 5-7) . The lysosomes and the Golgi apparatus were usually not labeled (Figs . 5 and 6 ) . In the livers of the rats injected with the larger dose of chylomicrons, more grains were seen over the Kupffer cells (Figs. 7 and 8) than were seen in the liver of rats injected with the smaller dose (Fig . 6 ) . The silver grains over the Kupffer cells were seen mainly over lysosomes (Figs . 7 and 8) which contained lipid droplets of various sizes . At later time intervals, the anatomic distribution 4 
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THE JOURNAL OF CELL BIOLOGY • VOLUME 43, 1969 of label differed from that seen at the early time interval . Thus, with progressively longer time intervals, relatively more and more of the grains were seen over the cytoplasmic organelles, although label was still present also over the sinusoidal microvilli (Figs . 9 and 10) . Grains were seen also over the bile canaliculi (Figs . 9-I1 ) and over the Golgi apparatus (Fig . 11) . All of the radioactivity found in the tissue at later (as well as earlier) time intervals was shown, chromatographically, to be present in free and esterified cholesterol ; this finding has been well documented previously (1, 4) . The change in the distribution of label with time occurred roughly parallel with the hydrolysis of the labeled cholesteryl ester within the liver (Table IV) . By 210 min, the radioautographic reaction was seen mainly intracellularly, over mitochondria and endoplasmic reticulum (Fig . 12) . FIGURE 5 The intracellular localization of the radioautographic grains over mitochondria, endoplasmic reticulum, and at the boundary of lipid droplets . The lysosomes are not labeled . X 17,500.
Cholesteryl Ester Hydrolysis with Subcellular Fractions
The radioautographic study demonstrated that label was concentrated in the region of the sinusoidal cell boundary at early time intervals when most of the label was present as intact cholesteryl ester, whereas label was widely dis- when most of the cholesteryl ester had been hydrolyzed . An experiment was, therefore, conducted to determine whether plasma membrane preparations could catalyze cholesteryl ester hydrolysis .
The results of this study are shown in Table V .
All min after the injection of a large load (22, 23) .
In the present study, 30 min after the injection of a smaller load chylomicrons were seen only rarely .
At this time interval, however, the radioautographic reaction was found to be concentrated in the region of the sinusoidal cell boundary of the hepatic parenchymal cells . This finding suggests that, at this time interval when most of the label was present as intact cholesteryl ester, the labeled cholesterol was largely present in the liver associated in some manner with the plasma membrane of the hepatic cells . In the liver, the newly absorbed labeled cholesteryl ester under-FIGURES 7 and 8 Portions of Kupffer cells with numerous lysosomes which contain lipid material in the form of droplets of various sizes . The radioautographic reaction is seen over some of the lysosomes . Fig. 7 , X 12,000 ; Fig . 8 , X 21,000 .
422 THE JOURNAL OF CELL BIOLOGY . VOLUME 43, 1969 FIGURES 9-11 Sections of liver obtained 67 min after injection of labeled chylomicrons into rat No . 3 .
FIGURE 9
The presence of label over intracellular organelles and persistence of label over the sinusoidal cell boundary. There are only a few grains over the Kupffer cell . X 11,000. (25, 26) , and by Neveu et al . (27) and Bernick and Patek (28) suggested that the hepatic reticuloendothelial system may play an important role in the normal disposition of chylomicron cholesterol . In contrast, studies by DiLuzio (29) and by Ashworth, DiLuzio, and Riggi (30) suggested that the hepatic parenchymal cells are predominantly involved in the uptake and metabolism of chylomicron cholesterol and triglyceride by the liver . The present study demonstrates that the Kupffer cells play only a very minor role in the normal metabolism of chylomicron cholesterol in the liver . Under physiological conditions, when the load of chylomicron lipid presented to the liver is small, only a very small amount of chylomicron cholesterol seems to be taken up by the Kupffer cells .
* In Group No . 1, four rats were injected with a total of 5 .3 ml of labeled chylomicrons, and the livers were removed after 25-34 min . In Group No . 2, four rats were injected with 6 .0 ml total, and livers removed after 62-66 min . The chylomicron suspension contained 17 mg of total lipid and 4 .15 X 10e dpm of cholesterol-3H (55% ester) per ml . $ Containing the floating fat layer . § The symbol (-) means not analyzed . The data available do not permit us to choose between these alternative explanations . It is,
